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Abstract

Erythrocyte-stage Babesia equi expresses a 34-kDa immunodominant antigen recognized by antibody from
persistently infected horses worldwide. This erythrocyte-stage surface protein, equi merozoite antigen-1 (EMA-1) is
encoded by a single copy gene, and was previously shown to share 33% amino acid identity with similar sized proteins
of Theileria sergenti and T. buffeli. A mean homology of 31% amino acid identity extends to similar sized proteins
of T. par6a, T. annulata and T. mutans. Genomic and cDNA copies of a second B. equi gene, ema2 were cloned. The
single copy ema2 gene encodes a 30-kDa protein (EMA-2) that shares 52% amino acid identity with EMA-1. EMA-2
also shares a mean amino acid identity of 31% with proteins of similar molecular mass from Theileria species. EMA-1
and EMA-2 each contain a glycosylphosphatidylinositol anchor. These unique erythrocyte-stage surface proteins of
B. equi and Theileria species lack antigenic repeats, and excluding the signal peptide, contain one or no cysteines.
Consistent with the hypothesis that this family of proteins interacts with the erythrocyte surface, the T. species
proteins possess a basic isoelectric point. The B. equi proteins have acidic isoelectric points, but 24-mer peptides
within them have strongly basic net charges. © 1997 Elsevier Science B.V.

Keywords: Babesia equi ; Theileria ; Immunodominant surface antigens; Selection; Charge analysis; Protein structure

1. Introduction

Babesia equi, a member of the phylum Apicom-
plexa, is a tick-transmitted protozoan parasite of
horses. Infection of susceptible horses results in
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anemia, which is caused by replication of the
erythrocyte-stage parasite. Erythrocyte destruc-
tion does not require specific immune responses
by infected horses [1,2]. The majority of horses
survive the anemia, which follows initial infec-
tion, and become persistently infected life-long
carriers. Although immunocompetent horses per-
sistently infected with Babesia equi are able to
control parasite replication, the immune mecha-
nisms mediating this control are not defined.

We showed previously that immunocompetent
young horses infected with Babesia equi prefer-
entially produce antibodies to erythrocyte-stage
antigens of 30- and 34-kDa during resolution of
acute infection [1,2]. The 34-kDa antigen, equi
merozoite antigen-1 (EMA-1), shares 33% amino
acid identity and 56% amino acid similarity with
a 33-kDa protein of Theileria sergenti [3]. The
ema1 gene product also shares similar homology
with a 34-kDa protein of T. buffeli [3].

Amino acid sequences for related erythrocyte-
stage proteins of similar molecular mass to
EMA-1 have been reported for T. par6a, T. an-
nulata, T. sergenti, and T. buffeli [4–6]. This
group of erythrocyte-stage T. species proteins
are characterized by their proposed surface loca-
tion, molecular masses of 30–34 kDa, and lack
of apparent antigenic repeats. These proteins
contain one or no cysteines, and all induce high
levels of antibody.

Infected horses worldwide respond with high
levels of antibody to a surface exposed, con-
served protein epitope within EMA-1 and a 30-
kDa antigen, similar to the vigorous antibody
response reported to homologous proteins in
Theileria species [4,6,7]. The worldwide conser-
vation of the EMA-1 epitope defined by mono-
clonal antibody 36/133.97 and the presence of
protein homologs in Theileria species led to the
hypothesis that the invariant residues of these
proteins determined their structure and function
[3]. Recent reports indicate that genes encoding
Theileria protein homologs exhibit areas of
marked genetic diversity [4,8–10] and that puta-
tive N-linked glycosylation sites within the T.
annulata, T. sergenti, T. buffeli and T. par6a
protein homologs encoded by these genes are
diverse [4].

In consideration of the above data, we ob-
tained PCR copies of the ema1 gene from a B.
equi infected horse in Brazil and a donkey in
Morroco. Analysis of these ema1 clones and ge-
nomic and cDNA clones of a second related B.
equi gene, encoding a 30-kDa antigen related to
EMA-1, allowed us to address the following
questions: (1) Does the previous genetic homol-
ogy demonstrated between EMA-1 and T. ser-
genti and T. buffeli extend to other T. species?;
(2) What is the extent of the genetic diversity of
the gene encoding EMA-1?; (3) What is the ge-
netic relationship between the genes encoding
EMA-1 and a second immunodominant B. equi
erythrocyte stage surface protein, EMA-2?; (4)
Are the putative N-linked glycosylation sites of
these B. equi proteins conserved among isolates
and between each other?; and (5) do EMA-1
and EMA-2 possess a glycosylphosphatidylinosi-
tol anchor and N-linked glycosylation? The pur-
pose of this report is to present data providing
answers to these five questions.

2. Material and methods

2.1. Genomic and cDNA cloning of ema2 gene

The ema2 cDNA was identified from an ex-
pression library as reported previously [11]. The
expression library was screened with mAb 36/
133.97. Positive signals were rescreened until a
purified population of recombinant phage was
obtained, then excised to recover the recombi-
nant pBluescript plasmid (Stratagene).

B.equi Florida genomic DNA was isolated
from infected erythrocytes by incubation in
proteinase K and extraction with buffered phe-
nol and phenol/chloroform/isoamyl alcohol.
DNA was digested to completion with EcoR1
and ligated into the Lambda ZAPII cloning
phage. The packaged library was screened by
hybridization by the [32P]dCTP labeled ema2
gene, liberated from the plasmid by an EcoR1
digest and purified from low melting tempera-
ture agarose. Positive signals were repeatedly
screened until a purified population of phage
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was obtained. The recombinant pBluescript plas-
mid was derived by in vivo excision (Strata-
gene).

Both strands of inserts were sequenced full
length using the Sequenase kit (USB).

2.2. Database searching and sequence analysis

Databases were searched by BLAST [12]
through NCBI. Sequences were manipulated and
alignments made using GCG programs on a

UNIX computer. A profile was constructed
from sequences shown in Fig. 1 (GenBank™ ac-
cession numbers L47209, S54804, S27859,
S27863, U85039, L13784 and U97166) represent-
ing T. par6a, T. annulata, T. buffeli, T. sergenti,
T. mutans, EMA-1 and EMA-2, respectively. An
additional T. species sequence from China was
also used (GenBank™ accession number
D50305). The profile was used in the GCG pro-
gram Profile Search to look for functional relat-
edness to other proteins within the database.

2.3. PCR cloning of ema1 genes from infected
horses in Morocco and Brazil

Genomic DNA was isolated from whole blood
collected from B. equi carrier animals by
venipuncture. One blood sample was from a natu-
rally infected donkey located in Gharb, Morocco
and the second sample from an experimentally
infected horse from Porto Alegre, Brazil. This
horse was infected intravenously with the Pelotas-
1 isolate obtained from a naturally infected horse
within Brazil. The blood was collected into EDTA
and DNA isolated using a commercially available
kit (Puregene, Gentra Systems, USA). B. equi
genomic DNA for amplification of both the Mo-
rocco and Brazil ema1 genes was isolated and
purified in the respective countries. PCR primers
(5%GATGATTTCCAAATCCTTTGC3% and
3%GTAAAAGATGAGATAAAATGA5%) were
chosen based on Florida ema1 sequence (Gen-
Bank™ accession number L13784) in order to
amplify full-length clones. One hundred microliter
PCR reactions consisted of 4 m1 of 50 ng m l−1

each primer, 1m l (approximately 1 mg) DNA, 5 m l
Master mix (BM) and 45 m l water. Reactions
cycled at 95°C for 5%, 30 cycles at 95°C for 30%, at
52°C for 20%, at 72°C for 30% and then 72°C for 5%.
Reactions were precipitated and resuspended in
one-tenth volume. Controls for the PCR reactions
included reagent controls (all components added
except DNA). These controls were consistently
negative for amplification. Two microliters were
ligated into pCR3.1. TA cloning vector (Invitro-
gen) and 1 m l of ligation reaction was used to
transform competent E. coli strain OneShot

Fig. 1. Alignment of the deduced amino acid sequences for B.
equi erythrocyte-stage proteins EMA-1 (GenBank™ accession
number L13784) with EMA-2 (GenBank™ accession numbers
U97166 (cDNA) and U97169 (genomic)). The GCG program
PILEUP was used to align the sequences, and PRETTYBOX
(public domain, R. Westerman, AIDS Center Laboratory for
Computational Biochemistry, Purdue University) was used to
display the alignment. Identical residues are designated with a
black box. Gaps are represented by dots. Arrows indicate the
signal peptidase cleavage and potential N-linked glycosylation
sites, respectively.
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TOP10F% (Invitrogen). Both strands of one clone
from each PCR reaction were sequenced for their
full-length using automated sequencing technol-
ogy (Applied Biosystems).

2.4. B. equi cultures and in 6itro labeling

B. equi cultures were established from infected
blood from a splenectomized pony when the para-
sitemia was at 3.0% and ascending. Normal
equine erythrocytes were from an uninfected adult
female Arabian horse, collected on glass beads for
defibrination, and washed in Dulbecco’s PBS sup-
plemented with 15 mM EDTA. Tissue culture
medium was as previously reported [13], but sup-
plemented with 20 mM Hepes and adjusted to pH
7.2. Cultures were split 1:2 daily to maintain a
peak parasitemia of approximately 5–6%, and
maintained at 37°C in 2% O2, 5% CO2, and 93%
N2. Tissue culture parasites were labeled with
various fatty acids or sugars obtained from Du-
Pont NEN. Compounds supplied in ethanol were
speed vacuumed to drive off the solvent and then
resuspended in tissue culture medium ([3H]fucose,
[3H]galactose, [14C]ethanolamine), or further pro-
cessed as follows ([3H]myristic acid, [3H]palmitic
acid). Dried fatty acid pellets were resuspended in
20 m l ethanol, then added to 250 m l of 20 mg
ml−1 defatted BSA (Sigma c A7511) in 10 mM
phosphate buffer at pH 7.0 containing 150 mM
NaCI. The mixture was vortexed and 3.75 ml
tissue culture medium was added. [3H]inositol and
[3H]glucosamine (aqueous solutions) were added
to tissue culture medium at a rate of 1 part label
to 5 parts medium.

For labeling, individual wells were split 1:2,
allowed to grow for 8 h and then the medium was
removed from the top of the settled cell layer.
Medium (1 ml) containing radiolabeled precursors
was applied to selected wells and allowed to incu-
bate for 16 h.

2.5. Immunoprecipitation of labeled products

Labeled cultures were centrifuged 800×g for
15% at 4°C and the supernatants were discarded.
Pelleted erythrocytes were washed four times us-
ing ice-cold PBS, centrifuged under the same con-

ditions, and the final pellet was resuspended in
lysis buffer [14] containing 1% NP40. After 1 h
incubation on ice, the material was frozen to
−80°C. After being thawed rapidly to 37°C, each
sample was sonicated 15%% in a cup sonicator.
Products were centrifuged 150 000×g for 1 h, the
supernatants recovered and stored at −20°C un-
til further used.

Immunoprecipitations were performed as previ-
ously described [14] with each lysate being equally
distributed between antibodies. Horse serum was
used at the rate of 10 m l undiluted and mAbs used
at a rate of 10 mg ml−1. Precipitates were boiled
in SDS-PAGE sample buffer and separated on
7.5–17.5% polyacrylamide gels prior to autora-
diography of dried gels.

3. Results

3.1. Analysis of the B. equi gene encoding equi
merozoite antigen-2 (EMA-2)

Genomic and cDNA clones of a second B.
equi gene encoding a protein with 52% amino
acid identity and 68% amino acid similarity
with EMA-1 were obtained. The deduced
amino acid sequences of EMA-1 and EMA-2
are shown in Fig. 1. With the exception of the
amino acid at position 34 (T) (Fig. 1), EMA-2
possesses the previously reported N-terminal se-
quence (DEAPxxxxAVVD) of a 30-kDa B.
equi erythrocyte-stage protein [3]. The missing
amino acids (indicated by x) (KVSG) were ob-
tained from the deduced amino acid sequences
of ema2 clones. The cDNA encoding EMA-2
was partial, missing 14 amino acids from the
N-terminus. The remaining amino acids were
deduced from a genomic clone of ema2. The
amino acid identities between EMA-1 and
EMA-2 are shown in black (FIG. 1). Arrows
indicate the signal peptidase cleavage site and
the potential N-linked glycosylation site. As
was previously shown for the ema1 gene [3],
the ema2 gene is present as a single copy (data
not shown). Also, comparison of the cDNA
and genomic copies of ema2 revealed the ab-
sence of introns.
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Table 1
Nucleotide and amino acid changes among ema1 genes [GenBank accessions U97167 (Brazil) and U97168 (Morocco)]

417 580 609Nucleotide 77581 300 309

TTGBrazil GT T C
G A C CFlorida C T C

TCGMorocco AC G T
None S to G None L to FAmino acid change None None None

3.2. Amino acid homology among T. par6a, T.
annulata, T. mutans, T. sergenti, T. buffeli and B.
equi 30/34-kDa erythrocyte-stage proteins.

Fig. 2 shows the amino acid identity shared
among Theileria species and B. equi erythrocyte-
stage, immunodominant proteins. A total of 12
sequences of T. species proteins were compared to
EMA-1 and EMA-2 of B. equi. Fig. 2 was con-
structed using a representative from each of the T.
species. The amino acid identities shown in black
were determined by applying the following defini-
tions: (i) the amino acid must be contained in
either EMA-1 or EMA-2; and (ii) the amino acid
must also be in the majority (]4 of 7) of the
combined B. equi and T. species proteins. The
mean amino acid identity among the Theileria
proteins and either of the B. equi proteins is 31%.
As shown in Fig. 2, the shared amino acids are
distributed throughout the proteins, and there are
no apparent peptide repeats. Excluding the signal
peptide, with the exception of T. annulata and
EMA-2 these proteins contain no cysteines (Fig.
2). Excluding the signal peptide, T. annulata and
EMA-2 have a single cysteine.

Charge analysis of the amino acids comprising
these proteins revealed the following isoelectric
points: T. mutans (9.47), T. annulata (9.74), T.
par6a (9.43), T. buffeli (9.47), T. sergenti (9.45), B.
equi-EMA-1 (5.52) and B. equi-EMA-2 (6.05).
The neutral to acidic charge profile of EMA-1
and EMA-2 was unexpected considering their sur-
face membrane location and the working hypoth-
esis that they interact with the equine erythrocyte
surface.

3.3. Genetic di6ersity of the B. equi ema1 gene

To analyze the degree of diversity among ema1
genes, PCR copies of ema1 from infected horses
in Morocco and Brazil were obtained and se-
quenced. Comparisons of the ema1 genes from
Morocco and Brazil with ema1-Florida [3] re-
vealed greater than 99% nucleotide identity. The
nucleotide changes result in two amino acid
changes (Table 1). These amino acid changes are
the substitution of a glycine for a serine in the
Morocco and Brazil EMA-1 (position 194) and a
phenylalanine for a leucine in the Morocco and
Brazil EMA-1 (position 259).

The potential N-linked glycosylation site (Asn-
Ser-Thr) (at position number 239) is conserved
among all three EMA-1 proteins. Although the
Morocco and Brazil ema1 genes share 100%
amino acid identity, the genes have five nucleotide
differences (Table 1).

3.4. In 6itro labeling of B. equi proteins

To investigate whether EMA-1 and EMA-2
possess a glycosylphosphatidylinositol (GPI) an-
chor, and utilize the single predicted N-linked
glycosylation site, in vitro cultures of B. equi were
incubated separately with the following precur-
sors: [3H]palmitic acid, [3H]myristic acid,
[3H]inositol, [14C]ethanolamine, [3H]glucosamine,
[3H]fucose, and [3H]galactose. An immunoprecipi-
tation assay using post-infection serum and mAb
36/133.97 [14] shows the incorporation of
[3H]palmitic acid into both EMA-1 and EMA-2
(Fig. 3). Also, EMA-1 and EMA-2 incorporated
[3H]myristic acid, [3H]inositol, and [3H]glucosa-
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Fig. 2. Alignment of the deduced amino acid sequences of B. equi erythrocyte-stage proteins EMA-1 and EMA-2 with that of a
Theileria par6a (GenBank™ accession number L47209), T. annulata (GenBank™ accession number S54804), T. buffeli (GenBank™
accession number S27859), T. sergenti (GenBank™ accession number S27863), and T. mutans (GenBank™ accession number
U85039) erythrocyte-stage 30–34-kDa proteins. The amino acid identities, shown in black, were determined by applying the
following definitions: (1) the amino acid must be within in either EMA-1 or EMA-2; and (2) the amino acid must also be in the
majority of the combined B. equi and T. species proteins. Gaps are represented by dots.
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Fig. 3. Immunoprecipitation of B. equi proteins labeled in
vitro with [3H]palmitic acid. Lanes 1–4 represent precipitates
by 10 m l of undiluted preinfection equine serum; 10 m l of
undiluted postinfection equine serum; 10 mg ml−1 of mAb
36/133.97 [14] and 10 mg ml−1 of isotype control mAb,
respectively. EMA-1 and EMA-2 are indicated by arrows
(small and large, respectively).

EMA-2 are [3H]palmitic acid labeled proteins im-
munoprecipitated by post-infection equine serum.
Additional [3H]palmitic acid labeled proteins rec-
ognized are 97, 27, 18 and 17-kDa (Fig. 3). Post-
infection serum also bound labeled proteins of 97
and 43 kda (myristic acid) and 18 kDa (inositol)
(data not shown). However, regardless of the label
incorporated, equine immune sera bound consis-
tently to EMA-1 and EMA-2.

Due to the fact that [3H]glucosamine will incor-
porate into GPI anchors, [3H]fucose and
[3H]galactose were tested for incorporation into
EMA-1 and EMA-2. Although EMA-1 and
EMA-2 incorporated [3H]glucosamine, incorpora-
tion of [3H]fucose or [3H]galactose was not de-
tected in any proteins. Although EMA-1 and
EMA-2 contain a single predicted N-linked glyco-
sylation site at amino acids 241–244, EMA-2
contains a prohibited amino acid (proline) at posi-
tion 242 in the consensus sequence Asn-Xaa-Ser/
Thr/Cys [15].

3.5. Relationship of EMA-1, EMA-2 and T.
species erythrocyte-stage 30/34-kDa proteins to
Elapid hemolysins

A profile search [16] for functional homology
with the B. equi and T. species proteins identified
a region of homology with Elapid cytotoxin
proteins (Fig. 4). A subset of Elapid cytotoxins
has been shown to bind to and lyse erythrocytes
[17,18]. These cytotoxins are hemolytic protein
12B and 12A (cytotoxin 1 and 2) from Hemacha-
tus haemachatus [18]. This region of 22 and 23%
amino acid identity (EMA-1 and EMA-2, respec-

mine (data not shown). However, EMA-1 and
EMA-2 apparently did not incorporate
[14H]ethanolamine, [3H]fucose or [3H]galactose
(data not shown). Fig. 3 shows that EMA-1 and

Fig. 4. Alignment of the deduced amino acid sequences of B. equi erythrocyte-stage proteins EMA-1 and EMA-2 with that of a
Theileria par6a, T. annulata, T. buffeli, T. sergenti and T. mutans erythrocyte-stage 30–34-kDa proteins, and Elapid hemolytic
proteins 12B and 12A (cx1 and cx2)(GenBank™ accession numbers P01471 and P24776). Identicai residues are shown in black and
similar residues in light grey. The GCG program PILEUP was used to align the sequences, and PRETTYBOX was used to display
the alignment.
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tively) is located between amino acids 140 and
200 of EMA-1 and EMA-2 (Fig. 4).

The GCG program GAP was used to deter-
mine a quality score of 17 for the amino acid
homology between Hemachatus haemachatus cy-
totoxins 1 and 2 and EMA-1 and EMA-2. An
average quality score of ten was derived from
ten randomizations of the same area of amino
acid homology. This narrow difference indicates
the amino acid homology is of limited signifi-
cance. Importantly, evaluation of the amino acid
homology reveals that many of the amino acid
identities are lysines (6/13 for EMA-1 and 6/14
for EMA-2).

Similar to the Elapid cytotoxins, the T. spe-
cies erythrocyte proteins in this region possess
isoelectric points of 9.9–10.06. While this region
of B. equi EMA-1 and EMA-2 possess isoelec-
tric points of 5.85 and 6.97, respectively, the
isoelectric point for a narrowed peptide in this
region (amino acids 150–170) of EMA-1 and
EMA-2 possess isoelectric points of 11.36 and
10.97, respectively. Complete analysis of EMA-1
and EMA-2 peptide charge profiles revealed this
region to be the only one within these proteins
with a basic charge profile. This peptide in
EMA-1 is FTETTFGSGKKHTFKAPGKRVL-
KV.

Analysis of the proteins using the GCG pro-
gram MOTIFS did not reveal any significant
scores between the T. species proteins or B. equi
EMA-1 and EMA-2 and known enzyme consen-
sus sequences.

4. Discussion

Equi merozoite antigens-1 and -2 (EMA-1
and EMA-2) are erythrocyte-stage proteins of B.
equi which possess a surface epitope that is con-
served worldwide and induce specific high anti-
body levels [2,3,14]. Previous data showed that
EMA-1 shared greater than 30% identity with
30–34-kDa proteins from T. sergenti and T.
buffeli [3]. Results of the present study show
that EMA-1 shares 52% amino acid identity
with a second 30-kDa B. equi erythrocyte-stage
protein, EMA-2, and 31% amino acid identity

with 30–34-kDa proteins of T. par6a, T. annu-
lata and T. mutans. Additionally, EMA-1 and
EMA-2 and the 30–34-kDa T. species proteins
share a region of approximately 22% amino acid
identity with two Elapid cytotoxin proteins.
These cytotoxins, which bind to and lyse ery-
throcytes, are from Hemachatus haemachatus
[17,18]. Although the B. equi and T. species 30–
34-kDa proteins share genetic and structural
similarities, they diverge significantly in their
overall charge profiles.

Consistent with their location on the surface
of the erythrocyte-stage parasite, EMA-1 and
EMA-2 possess a GPI anchor [19,20]. This con-
clusion is based on immunoprecipitation of
EMA-1 and EMA-2 labeled with [3H]palmitic
acid, [3H]myristic acid, and [3H]inositol with
postinfection equine serum. Previous work had
shown that a protein epitope shared by EMA-1
and EMA-2 was immunodominant for antibody
induction and shared by isolates worldwide [14].

The use of the single putative N-linked glyco-
sylation site in EMA-1 and EMA-2 was not
proven. Although EMA-1 and EMA-2 incorpo-
rated glucosamine, incorporation of fucose or
galactose was not detected. Glucosamine can
also be incorporated into GPI anchors [21]. The
use of the putative N-linked glycosylation site of
EMA-2 is unlikely since there is a prohibited
amino acid (proline) at position 242 in the con-
sensus sequence Asn-Xaa-Ser/Thr/Cys [15]. The
predicted molecular mass of native EMA-2 is
approximately 32 kDa (equivalent to the molec-
ular mass of the deduced amino acids (34.8
kDa) minus the signal peptide (2.7 kDa) and the
approximate hydrophobic tail (3.1 kDa), with 3
kDa added for the GPI anchor [22]). The pre-
dicted molecular mass for EMA-2 of 32 kDa is
in excess of the apparent molecular mass of na-
tive EMA-2 (29 kDa) in SDS-PAGE (Fig. 3).

Comparison of the apparent molecular mass
of EMA-1 from SDS-PAGE (34 kDa) (Fig. 3)
with the predicted molecular mass from the de-
duced amino acid sequence (32 kDa) indicates
the N-linked glycosylation site at position 241–
244 may be utilized. N-linked glycosylation
would add approximately 2.1 kDa per used site
[23]. Alternatively, the numerous serines and
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threonines in EMA-1 may serve as targets for
O-linked glycosylation similarly to that reported
for Plasmodium falciparum [24]. Although EMA-
1 and EMA-2 clearly possess GPI anchors, the
use of the putative N-linked glycosylation site
within these proteins remains unresolved. Other
work questions whether N-linked glycosylation
occurs at all in other members of the phylum
Apicomplexa [24].

Regardless of the use of the predicted N-
linked glycosylation site in EMA-1, the conser-
vation of this single site is in contrast to that
reported for the T. species 30–34-kDa proteins
[4]. Previous analysis of N-linked glycosylation
sites of 30–34-kDa proteins of T. annulata, T.
sergenti, T. buffeli and T. par6a suggested
marked diversity in potential N-linked glycosyla-
tion sites [4]. Analysis of three ema1 genes from
Florida, Morroco, and Brazil showed that the
putative N-linked glycosylation site at position
241–244 was conserved as the only site. The
conservation of the potential N-linked glycosyla-
tion site of EMA-1 is in agreement with the
99% amino acid conservation of EMA-1 among
the Florida, Morroco and Brazil ema1 genes.
Although evaluation of three geographically dis-
tinct copies of the ema1 gene showed limited
variation, the data can not be extended to con-
clude that all ema1 gene copies are conserved at
the 99% level. The ema1 genes evaluated were
obtained from clinically normal, persistently in-
fected animals. In order to strengthen this ob-
servation, copies of the ema1 gene from parasite
populations of additional carrier horses and
from horses during acute disease in clinically af-
fected animals should also be evaluated.

The precise relationship of the ema1 and ema2
genes is not defined by the data presented here.
High stringency hybridizations of restriction di-
gests of ema1 [3] and ema2 indicate these are
single copy genes. Since the data presented was
derived from a mixed parasite population and
not a biologically cloned parasite, we do not
know if each haploid erythrocyte-stage parasite
contains both genes or if sub-populations pos-
sess only ema1 or ema2. If each haploid parasite
contains ema1 and ema2, it is probably appro-
priate to define them as separate, but related

genes. However, if ema1 and ema2 exist sepa-
rately in parasite sub-populations they should be
referred to as alleles.

Structurally, the B. equi and T. species 30–34-
kDa proteins possess a signal peptide [3,4], lack
apparent antigenic repeats, and excluding the
signal peptide, contain one or no cysteines.
However, charge analysis of these 30–34-kDa
antigens showed that the T. species proteins
possess isoelectric points \9 while, unexpect-
edly, the B. equi proteins possess acidic isoelec-
tric points. The acidic charge profile of EMA-1
and EMA-2 was unexpected considering their
surface location and our working hypothesis
that these proteins interact with the equine ery-
throcyte surface. The acidic character of EMA-1
and EMA-2, and the finding of amino acid ho-
mology with Elapid cytotoxin proteins directed
our analysis to discrete peptide regions of
EMA1 and EMA-2.

A subset of Elapid cytotoxins has been shown
to bind and lyse erythrocytes [17,18]. These cy-
totoxins are hemolytic proteins 12B and 12A
(cytotoxin 1 and 2) from Hemachatus haemacha-
tus [18]. A region of approximately 22% amino
acid identity is shared with a similar region of
the 30–34-kDa T. species proteins and EMA-1
and EMA-2. The region of amino acid identity
is located between amino acids 140 and 200 of
EMA-1 and EMA-2. Analysis of this region
shows that the majority of the amino acid iden-
tity is attributed to the basic amino acid lysine
(Fig. 4). Isoelectric point analysis of this region
in EMA-1 and EMA-2 revealed an acidic
charge. However, when the region analyzed for
charge was limited to amino acids 150–170 of
EMA-1 and EMA-2, isoelectric points of 11.36
and 10.97 were calculated for these peptides of
EMA-1 and EMA-2, respectively. Further analy-
sis revealed that within EMA-1 and EMA-2,
this region of amino acids, 150–170, is the only
linear peptide with an overall basic charge. This
has led us to hypothesize that this region may
be important in interacting with the erythrocyte
surface.

The collective data presented shows that
EMA-1 and EMA-2 are GPI anchored proteins
consistently bound by post-infection serum.
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Also, these B. equi proteins share significant
amino acid homology with a similar family of
erythrocyte-stage 30–34-kDa proteins of T. spe-
cies. In addition to the shared genetic homol-
ogy, structurally these B. equi and T. species
proteins are similar in that they do not contain
antigenic repeats and, excluding the signal pep-
tide, contain one or no cysteines. The conserva-
tion of surface proteins across species of
parasites suggests important functional at-
tributes, and combined with immunodominance
for antibody, merits intense evaluation of their
role in stimulating protective immune responses.
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